I-INTRODUCTION
I n t h e r e c e n t y e a r s , noble p r o c e s s e s have been developed t o p r e p a r e advanced m a t e r i a l s . Rapid quenching of m e l t s i s i n t e r e s t i n g a s a new technique f o r providing amorphous o r m e t a s t a b l e phases. We have a p p l i e d t h i s technique t o t h e samples i n t h e system Zr02-Si02-A1203 which i s important i n t h e s c i e n c e and t h e technology of a l k a l i -r e s i s t e n t g l a s s , r e f r a c t o r y and advanced ceramics, because t h i s system c o n t a i n s corundum (a-AlZ03), Z i r c o n i a (Zr02), Zircon (ZrSi04) and M u l l i t e (3A1203' 2Si02 a s r e p r e s e n t a t i v e composition). T h i s paper d e a l s w i t h t h e formation of amorphous phases by r a p i d quenching of m e l t s and t h e c r y s t a l l i z a t i o n from t h e amorphous phases upon re-heating.
11-EXPERIMENTAL
S t a r t i n g m a t e r i a l s were high p u r i t y Z i r c o n i a (Zr02: 99.9%, Soekawa Chemical Co. Ltd. Tokyo, Japan), S i l i c a (Si02: Guaranteed reagent, Kanto Chemical Inc., Tokyo, Japan) and Alumina (a-A1203: 99.9%, I w a t a n i Chemical I n d u s t r y Co. Ltd., Tokyo, Japan) powders. The r e q u i r e d p r o p o r t i o n s were weighed and mixed thoroughly i n an a g a t e mortar using e t h a n o l f o r 2 hours. The mixtures were melted on t h e water-cooled copper p l a t e w i t h a xenon arc-imaging f u r n a c e /I/ (UF-10001, USHIO I n c . , Tokyo, Japan) applying from 6 t o 8 kw power i n a i r . The molten samples became s p h e r i c a l g l o b u l e s w i t h t h e diameter of = 2 mm by s u r f a c e t e n s i o n i n a few seconds on r a d i a t i o n . According t o measurement of weight l o s s a f t e r melting, t h e compositional change by evaporation was n e g l i g i b l e i n t h i s procedure.
For r a p i d quenching, t h e brobule was molten again on a g r a p h i t e s t a g e and then dropped i n a s t e e l t w i n -r o l l e r 30 mm i n diameter a s shown i n Fig. 1 (a) / 2 / . Another technique used another arc-imaging f u r n a c e /3,4/ (SC-5D, Nichiden Machinary I n c . , Shiga, Japan) f o r floating-zone c r y s t a l growth, where molten d r o p l e t 3 -4 mm i n diameter a t t h e end of a s i n t e r e d b a r specimen ( 4 x 4 x 40 mm3 ) f a l l e d i n t o a s t e e l t w i n -r o l l e r 50 mm i n diameter a s shown i n Fig. 1 (b) . The c o o l i n g r a t e of t h e molten samples quenched by t h e t w i n -r o l l e r s r o t a t i n g a t = 4000 rpm were estimated t o be 105 K/sec based upon t h e r e l a t i o n by Ota e t a l . /4/ between t h e c r i t i c a l c o o l i n g r a t e and t h e composition of t h e samples f o r g l a s s formation i n t h e system Li20-Si02.
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The r a p i d l y quenched samples were studied with TG-DTA (Thermoflex, Rigaku E l e c t r i c I n c . , Tokyo, Japan) upto llOO°C a t 10°C/min i n a i r , o r re-heated a t 1200°C f o r v a r i o u s hours f o r c r y s t a l l i z a t i o n . The products were examined by an X-ray diffractometer (RU-200, Rigaku E l e c t r i c Inc., Tokyo, Japan) o p t i c a l microscope (Vanox, Olympus, Tokyo, Japan), SEM (T-200, JEOL, Tokyo, Japan) and TEM (H-700, Hitachi, Tokyo, Japan). The phase a n a l y s i s , l a t t i c e parameter and c r y s t a l l i t e - (b) with arc-imaging floating-zone furnace 13, 4 1 . s i z e determination were c a r r i e d out by step-scanning technique using Cr2O3 a s an i n t e r n a l standard. C a l i b r a t i o n curves had been determined previously by adding known amounts of Cr2O3 t o each phase.
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I11 -RESULTS AND DISCUSSION
1 Amorphous Formation i n t h e System
The r a p i d quenching using t h e twin-rollers r e s u l t e d i n t h e formation of amorphous m a t e r i a l s a s shown i n Fig. 2 , 121. The products with wide compositional region were transparent f l a k e s with few t e n s p m i n thickness and showed no c r y s t a l l i n i t y under X-ray d i f f r a c t i o n (Fig. 3 ) . Si02-r i c h compositions gave almost transparent products but t-Zr02 phase p a r t i a l l y c r y s t a l l i z e d a t the t h i c k e r rims of t h e f l a k e s . This suggests t h a t SiO2-rich melts have high v i s c o s i t y which reduces t h e cooling r a t e owing t o increasing t h e thickness of t h e sample between r o l l e r s . I n the ZrO2-rich samples, t-Zr02 phase mainly c r y s t a l l i z e d a l l over t h e f l a k e s . A1203-rich samples produced a s l i g h t amount of a-A1203 phase a s well a s Zr02 phase under X-ray d i f f r a c t i o n . Mullite phase was observed, only f o r compositions of m u l l i t e and 60 w t % A1203 -40 w t % Si02 i n t h e samples studied.
Si02
Am:amorphous Mu :mullite A :U-AI,O~ ZrO, ppt. The formation region of complete amorphous phase was d i f f e r e n t from t h a t by chemical polymerization of metal alkoxides 151, but i n good agreement with Thorne's 161 r e s u l t s . He a l s o r a p i d l y quenched t h e melts using a flame spherulization technique where a dispersion of samples was i n j e c t e d i n t o an oxy-hydrogen flame spraying i n d i s t i l l e d water. The amorphous region obtained from rapidly quenched melts extends toward A1203 s i d e r a t h e r than Zr02 side. The l i q u i d u s surface of A1203 i s lower temperature than Zr02 s i d e i n t h e system Zr02-Si02-A1203 171. Sarjeant and Roy /81 described t h a t c r i t i c a l quenching r a t e below which d e t e c t a b l e c r y s t a l l i n e Fig. 3 X-ray d i r r a c t i o n p a t t e r n s of various samples r a p i d l y quenched. 30S30A40Z means 30 w t % SiO2-30 wt% Al2O3-40 wt% Zr02 a s a s t a r t i n g composition.
Fig. 4 C r y s t a l l i t e s i z e of t-Zr02 p r e c i p i t a t e d f n t h e r a p i d l y quenched samples.
2 C r y s t a l l i z a t i o n from the Amorphous Phase by Heating
Re-heating of t h e amorphous phases brought about c r y s t a l l i z a t i o n . According t o DTA, a small endothermic peak was observed a t =92OoC corresponding t o g l a s s -t r a n s i t i o n temperature, and an extreme exother-1 8 mic peak a t 950'-1000°C of c r y s t a l l i z a t i o n a s shown z i n Fig. 5 . The s t a r t i n g temperature of c r y s t a l l i -W phases a r e obtained from melt were proportional t o a square of t h e melting temperat u r e . Therefore i n t h e system Zr02-Si02-Al203, amorphous m a t e r i a l s tended t o form i n the high A1203 compositions r a t h e r than i n t h e high ZrO2 compositions seen i n t h e case of Makishima.
The c r y s t a l l i z a t i o n of t-Zr02 i n t h e amorphous region near t h e Si02-ZcO2 join seemed t o be caused by t h e phase separation due t o t h e two-liquid region i n t h e 'om 11.00
heating r a t e : 1O0C/min.
( c )
system Si02-Zr02. The c r y s t a l l i n e phase of t h e quenched samples was mainly metastable t-ZrOg phase of which c r y s t a l l i t e s i z e became l a r g e r with t h e distanc e s from t h e amorphous formation region a s indicated i n Fig. 4 . Monoclinic Zr02 was observed i n t h e products of t h e outer region i n t h i s diagram. This i s 2 c o n s i s t e n t w i t h the argument /9/ t h a t t-Zr02 can W c r y s t a l l i z e from amorphous phases then transform i n t o m-Zr02 but m-Zr02 cannot c r y s t a l l i z e d i r e c t l y from t h e amorphous phases. This i s f u r t h e r supported by the c r y s t a l l i z a t i o n of t h e amorphous phases upon reheating described below. T + zation peak i n DTA with heating r a t e of IOoc/min was higher i n the samples located inner of t h e amorphous region (Fig. 6 ) . No d i s t i n c t exothermic peak was observed i n the samples c r y s t a l l i z e d already during quenching and i n the Si02-Zr02 r i c h samples probably due t o slow c r y s t a l l i z a t i o n k i n e t i c s . Figure 7 shows the phase assemblages of various samples a f t e r reheating upto l l O O o~ i n a i r i n d i c a t i n g the c r y s t a l l i z a t i o n of t-Zr02 i n Z r O -rich region, m u l l i t e i n mullite-rich region and 2 t-Zr02 + m u l l i t e i n intermediate region. The phase a n a l y s i s (Table 1 ) demonstrated the increase of t-Zr02 and m u l l i t e by the c r y s t a l l i z a t i o n . The content of m-Zr02, however remained constant within the experimental e r r o r s (f 5 wt%) upon reheating. C r y s t a l l i z a t i o n of t-Zr02 and/or Beginning temperature ("C) of t h e c r y s t a l l -m u l l i t e from t h e amorphous phase by i z a t i o n from t h e amorphous phase by DTA re-heating upto l l O O a C with 10°C/min. with 10°C/min. F i l l e d symbols mean t h e c r y s t a l l iz a t i o n before re-heating.
Formation region of
These r e s u l t s revealed t h a t Table 1 . m u l l i t e and t-Zr02 were c r y s t a l lVariation of phase composition by re-heating ized from t h e amorphous phase a t upto 1100°C of r a p i d l y quenched samples. 950"-1000°C.
The exothermic r e a c t i o n observed i n DTA corresponds t o t h e c r y s t a l l i z a t i o n of m u l l i t e , because no s i g n i f i c a n t peaks were observed i n DTA of t h e samples i n which only t h e contents of t-Zr02 increased upon re-heating a s indicated i n Fig.  6 . The c r y s t a l l i t e s i z e of tZr02 c r y s t a l l i z e d from t h e amorphous phase was about 10 nm s i m il a r t o the c r i t i c a l c r y s t a l l i t e s i z e a t t h e boundary of t h e amorphous region a s shown i n Fig. 4 .
The re-heating of t h e amorphous phase upto 1100°C yielded t-Zr02 and m u l l i t e but s t i l l l e f t a considerable amounts of --example, t h e amorphous phase w i t h 20 wt% Zr02 + 80 wt% 3A1203.
2Si0 composition c r y s t a l l i z e d i n t o 83.8 wt% m u l l i t e + 11.3 wt% t-Zr02 + 2.4 wt% m-zr8 w i t h i n a h a l f hour. The TEM o b s e r v a t i o n revealed t h a t t h e product c o n s i s t of muElite g r a i n s 3-5pm i n s i z e which contained t i n y Zr02 c r y s t a l s 1 0 d 2 0 nm i n s i z e , Fig. 8 ( a ) . These m u l l i t e g r a i n s were s i n g l e c r y s t a l s a s i n d i c a t e d i n F i g . 8 ( b ) . The c h a r a c t e r i s t i c r a d i a l arrangements of Zr02 c r y s t a l s i n t h e m u l l i t e g r a i n s , Fig. 8 (c) , suggest t h a t t h e s e Zr02 c r y s t a l s were p r e c i p i t a t e d by t h e e x o l u t i o n upon c r y s t a l l i z a t i o n of m u l l i t e from t h e amorphous matrix. These m i c r o s t r u c t u r e s a l s o suggest t h a t t h e c r y s t a l l i z a t i o n o f m u l l i t e r a t h e r t h a n Zr02 i s dominant upon h e a t i n g of these m a t e r i a l s .
According t o t h e l a t t i c e parameters, t h e composition of m u l l i t e would change from A1203-excess ( 77 wt% A1203 ) toward s t o i c h i o m e t r i c ( 72 wt% A1203 f o r 3A1203. 2Si02 ) by prolonged h e a t treatment a t 1200°C. The d e t a i l s of t h e c r y s t a l l iz a t i o n p r o c e s s i n t h e s e m a t e r i a l s a r e r e p o r t e d i n another paper 1101.
